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Abstract This letter reports experimental observation of a direct correlation between the acoustic
nonlinearity parameter (NP) measured with nonlinear Rayleigh waves and the accumulation of
plasticity damage in an AZ31 magnesium alloy plate specimen. Rayleigh waves are generated and
detected with wedge transducers, and the NPs are measured at diﬀerent stress levels. The results
show that there is a signiﬁcant increase in the NPs with monotonic tensile loads surpassing the
material’s yielding stress. The research suggests an eﬀective nondestructive evaluation method
to track the surface damage in metals. c© 2011 The Chinese Society of Theoretical and Applied
Mechanics. [doi:10.1063/2.1105105]
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Characterization and monitoring the ultimate
strength and endurance of the in-service components
in operation are required for many industrial structural
integrity problems. Especially the evaluation of accu-
mulated damage or degradation in the material mechan-
ical properties at the early stage of fracture is impor-
tant in aerospace, automotive, pipe line, power gen-
eration, reﬁnery, and shipbuilding in order to ensure
their structural safety. There are quite many nonde-
structive testing methods used for the damage eval-
uation of materials or structures in these days, such
as magnetic method,1,2 radiographic testing, acous-
tic emission method, ultrasonic testing method, etc.
Among them, the ultrasonic testing method is widely
used. Particularly, the nonlinear ultrasonic technique
(or the second harmonic generation technique) has at-
tracted considerable attention for material early dam-
age and degradation.3–13 Recent examples of using non-
linear Rayleigh waves include measuring residual stress
in shot-peened aluminum plates,4 assessment of mate-
rial damage in a nickelbased superalloy,5 etc. Shui et
al.6 measured the nonlinearity parameters (NPs) of alu-
minum alloy plate specimens which undergo no load by
using Rayleigh waves.
In this research, an experimental technique for mea-
suring the relative acoustic NP (ANP) of materials un-
der tensile loading by using nonlinear Rayleigh surface
waves is developed. Compared with bulk waves used in
nonlinear acoustics, Rayleigh surface waves have some
advantages, e.g. Rayleigh waves do not require access
to both sides of a component; most of the energy of
Rayleigh waves is concentrated near the surface, which
can lead to stronger nonlinear eﬀects; and Rayleigh
waves can propagate a far distance, making them an
ideal mean to interrogate large, complex components.
Considering that a Rayleigh surface wave propa-
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Fig. 1. Free surface half space and the coordinate system.
gates in the positive x-direction. The z-axis points into
the material half-space (Fig. 1). The displacement po-
tentials describing the longitudinal and shear waves are
written as14
ϕ = −iA1
kR
e−pzei(kRx−ωt), (1)
ψ = −iB1
kR
e−szei(kRx−ωt), (2)
where p2 = k2R − k2l ; s2 = k2R − k2s ; kR, kl and ks
are wave numbers for the Rayleigh, longitudinal and
shear waves, respectively. By applying the stress free
boundary conditions on the surface, and by consider-
ing that the acoustic nonlinearity for the shear wave in
an isotropic material vanishes due to the symmetry of
the third order elastic constants, the ANP βR is deﬁned
as5,6
βR =
uz(2ω, x, 0)
u2z(ω, x, 0)
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where uz(ω, x, 0) and uz(2ω, x, 0) are the vertical com-
ponents of the particle displacements on the surface
(z = 0) for the fundamental and second-harmonic fre-
quencies, respectively. Since uz(ω, x, 0) and uz(2ω, x, 0)
are proportional to the magnitudes of fundamental and
second harmonics, A1 and A2, for Rayleigh waves in
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Fig. 2. Experimental setup of measuring nonlinearity parameter of metallic material using Rayleigh waves.
the frequency domain, in this measurement, we use, for
convenience, a relative ANP deﬁned as
β′R =
A2
A21
. (4)
Clearly, this relative ANP β′R is proportional to the
absolute material ANP βR in Eq. (3) for a ﬁxed propa-
gation distance.
A schematic diagram for the experimental setup is
shown in Fig. 2. The transmitting wedge transducer T is
driven by a tone burst signal of 16 cycles at 2 MHz. The
receiving wedge transducer R is used to detect the fun-
damental and second harmonics of Rayleigh waves. The
wedge angle of T and R is 65◦. The central frequencies
of T and R are, respectively, 2 MHz and 4 MHz. The
tone burst signal is generated by Ritec SNAP-0.25-7-G2
nonlinear measurement system with high-power gated
ampliﬁer. Before driving the transmitting wedge trans-
ducer, the high voltage signal passes through a 50 Ω
termination, an attenuator and a set of low-pass ﬁlter
so that the transient behavior and high frequency com-
ponent from the ampliﬁer are suppressed. Compared
with similar instruments available, this nonlinear mea-
surement system can provide more monochromatic ul-
trasonic sine wave signal with higher quality, and this
will decrease the acoustic nonlinearity from the signal
as less as possible.
The specimen for tensile stretch testing is prepared
as shown in Fig. 3. It is made of AZ31 magnesium-
aluminum alloy, with yielding stress being 199 MPa,
elastic modulus 46 GPa, Poisson’s ratio 0.27, and den-
Fig. 3. Dimension of AZ31 magnesium-aluminum alloy
specimen (unit: mm).
Fig. 4. Stress-strain curve for AZ31 magnesium-aluminum
alloy.
sity 1770 kg/m3. The stress-strain curve is shown in
Fig. 4.
A typical Rayleigh wave signal, generated and de-
tected with the wedge transducers (with propagation
distance of 100 mm), is shown in Fig. 5. The entire
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Fig. 5. Received nonlinear ultrasonic Rayleigh waves.
Fig. 6. Magnitudes of the fundamental and second harmon-
ics of Rayleigh waves.
length of the signal consists of a transient part at the
beginning, a steady state portion, and ﬁnally the turnoﬀ
ringing at the end. To make sure that only the steady-
state part of the tone burst signal is used, a hanning
window is applied to the acquired time-domain signal
for fast Fourier transform. Therefore, only the data
points within the steady-state part are selected and then
transformed to the frequency domain where the magni-
tudes of the fundamental and higher order harmonics
of the detected Rayleigh surface waves become visible.
Figure 6 shows the magnitudes of the fundamental (A1)
and second harmonics (A2) in the frequency domain, re-
spectively.
In order to check the system linearity, the input
voltage for excitation of the transducer is varied to dif-
ferent levels, the fundamental and second harmonics are
detected using the same specimen and propagation dis-
tance to make sure that the measured higher harmonics
are an indicator of material nonlinearity instead of spu-
rious nonlinearity due to the instrumentation. Figure 7
shows the second harmonic amplitude (A2) versus the
square of the fundamental amplitude (A21) for increas-
ing driving voltages. A linear relationship is clearly ob-
served for diﬀerent driving voltages, which means that
the relative ANP, β′R, keeps constant for diﬀerent volt-
ages.
In this study, ultrasonic measurements are made
Fig. 7. Relation between the magnitude of second and fun-
damental harmonics under diﬀerent voltage levels.
in ﬁve specimens. The specimens are loaded to diﬀer-
ent ﬁnal loadings, and then unloaded. The ultrasonic
measurements are performed on the unloaded specimen
at a ﬁxed propagation distance. The same procedure
is repeated for increasing maximum loadings. Figure
8 shows the normalized relative ANP (βN) as a func-
tion of the stress. Here the normalized ANP βN is the
ratio of relative NP measured in each specimen (β′R)
to that measured in the specimen undergoing no ini-
tial loading (β′R0), i.e. βN = β
′
R/β
′
R0. Existence of
β′R0 is due to the third order elastic constants or ini-
tial damage of the specimens6. The error bars are ob-
tained by repeating the ultrasonic measurements three
times. Note that the transducer assembly is completely
removed and re-attached to the specimen edge for each
measurement. It is shown in Fig. 8 that the normal-
ized ANP βN nearly keeps unchanged when the tensile
stress is less than 125 MPa; the normalized ANP in-
creases slowly with the tensile stress when the stress is
more than 125 MPa. The βN increases rapidly when
the stress exceeds 150 MPa. The result shows the de-
pendence of the acoustic nonlinearity on the plastic de-
formation that occurs during monotonically increasing
loading.
Note that the measurement results in Fig. 8 are
based on a ﬁxed exciting frequency (2 MHz). In order
to know more about the relation between material sur-
face plastic damage and the ultrasonic harmonics (fun-
damental and second harmonics), further experimental
tests are conducted to get the normalized NP with dif-
ferent exciting signal frequencies. The received ultra-
sonic Rayleigh wave signal can be assumed as a time-
domain burst F (t), modulated by a term Ar(t). The
F (t) can thus be written as
F (t) = Ar (t) sin (2πfrt+ φr) , (5)
where φr is the phase shift in the transducer and spec-
imen, including the eﬀect of the Rayleigh wave propa-
gation time. The carrier frequency fr equals f (for the
fundamental harmonic) and 2f (for the second harmon-
ics). The Ritec-SNAP system processes two integration
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Fig. 8. Normalized relative nonlinearity parameter as a
function of the stress for AZ31 magnesium-aluminum alloy
using Rayleigh waves.
Fig. 9. Rayleigh wave signal and the integral zone.
signals associated with Ar (t)
I1 = C cosφr
∫ t2
t1
Ar (t) dt,
I2 = C sinφr
∫ t2
t1
Ar (t) dt, (6)
where Ar (t) is located between t1 and t2; and C is a
constant associated with the parameter setups of the
Ritec-SNAP system.
Denote
A¯r (fr) =
∫ t2
t1
Ar (t) dt =
1
C
√
I21 + I
2
2 , (7)
then a parameter, which includes the inﬂuences of fre-
quencies, is deﬁned as11
SWF (fr) =
∫ f2
f1
A¯r (fr) df. (8)
This parameter is named as stress wave factors
(SWF). All the features of Rayleigh waves associated
with the surface properties are reﬂected by the param-
eter SWF (fr). It is, therefore, reasonable to use SWF
Fig. 10. Comparison of the normalized ANP and SWF-
based NP.
(fr) for characterization of changes in the surface prop-
erties. Deﬁne an SWF-based nonlinearity parameter
(SWF-based NP) as
β′SWFR =
SWF(2f)
[SWF (f)]
2 (9)
and normalize it by the value measured in the speci-
men undergoing no initial loading. Figure 10 shows the
normalized SWF-based NP (βSWFR ) as a function of the
stress. We can see that there is a monotonic relationship
between βSWFR and stresses.
For comparison, the measurement results based on a
ﬁxed transmitting frequency are also plotted in Fig. 10.
We can see that SWF-based NP is more sensitive to
plastic damage.
In summary, accumulated material plasticity will
cause an increase in the acoustic nonlinearity measured
with Rayleigh waves, which means that there is a fun-
damental relationship between material plasticity and
acoustic nonlinearity. We can come to the conclusion
that Rayleigh waves can be used to quantitatively evalu-
ate material surface damage by using established higher
harmonic generation techniques. This is important for
practical structural health monitoring and life predic-
tion applications.
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